Introduction
Glow discharge optical emission spectrometry (GD-OES) has been applied as a very useful method for the bulk analysis of conducting or non-conducting solid samples owing to its numerous advantages, which include the simplicity of the source, good detection limits (ppb), minimal matrix effects and a broad elemental coverage. 1 More recently, a number of glow discharge users have become interested in the analysis and depth profiling of thin films by using glow discharge optical emission spectrometry. [2] [3] [4] [5] In general, the normal dc GD-OES has an ability for analytical depths ranging from some µm up to 50 µm and more. There are still various problems when GD-OES is applied to thin films (defined by the ISO as "a layer or material, typically less than 100 nm in thickness, deposited or grown on a substrate"). 6 The most crucial problem is a high sputtering rate and a bad crater shape of GD-OES. It had not been applied for the depth profiling of thin films, since the sputtering rate of GD-OES (generally 1 µm/min) is so fast, rather than other surface analytical methods, such as X-ray photoelectron spectroscopy (XPS), Auger electron spectroscopy (AES), and secondary ion mass spectroscopy (SIMS). 7 Furthermore, the crater produced by the sputtering process does not have a flat bottom because of some specific GD-OES effect, such as a crater edge effect, redeposition of the sample atom, and a roughening of the crater bottom. These effects have contributed to the poor depth resolution. 8 Recently, many glow discharge users are trying to solve that problem, for example, by developing new glow discharge sources, improving of the correction and quantification models, and increasing the data-acquisition rates and so on. 9, 10 The dc voltage modulation technique has been used for the analysis of trace elements in steel samples with a good precision and sensitivity. 11, 12 The conventional dc glow discharge plasma can be easily modulated by means of superimposing an alternating voltage on the dc bias voltage. The intensity of emitted light can be varied according to the applied alternating component, so that only the modulated component can be selectively detected by using a lock-in amplifier.
In this study, we represented intensity variations of the atomic and ion lines of the sample as well as the discharge gas depending on the modulation parameters, respectively, by using a dc voltage modulation technique, which is an AC component superimposed on a dc voltage. Furthermore, we compared the sputtering rate of the modulation method with that of the conventional dc glow discharge, and then evaluated the possibility for the depth profiling of thin films.
Experimental
The principle of voltage modulation has already been described in previous papers. [13] [14] [15] The measuring method is briefly presented in Fig. 1 . The modulation waveform is made with a function generator. The pulsed waveform is amplified with an AC power amplifier, and then the AC component is superimposed on the dc potential from a dc power supply. The final modulated voltage is applied between the anode and the cathode. In this case, the cathode is used as a sample. The modulated plasma is generated at a negative glow adjacent to the cathode. The radiation of the plasma is periodically varied by the modulation potential, which can be selectively detected by using a lock-in amplifier. The lock-in amplifier has an ability to detect only these signals corresponding to the frequency and phase of a reference, and thus to remove any noises at frequencies other than the reference frequency. The apparatus and experimental conditions are summarized in Table 1 In order to obtain the depth profile of a thin film, we investigated the emission characteristics of a voltage modulation glow discharge to optimize the modulation parameters (modulation voltage, offset voltage, and modulation frequency). In this study, a phase-sensitive detection method with a lock-in amplifier to the modulation technique led to a higher sensitivity and a larger signal-to-noise ratio in the emission analysis compared to the normal dc amplification method. Upon increasing the maximum voltage, the emission intensity of the Cu atomic line (CuI 239.34 nm) increased linearly at a modulation voltage of 400 V and an offset voltage of 300 V. On the other hand, the emission intensity was gradually reduced when a modulation frequency increased. It is advantageous for surface analysis that the voltage modulation technique gives a lower sputtering rate rather than the conventional dc discharge.
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measurement, pre-discharges were carried out for 10 min to remove any surface contaminants.
Modulation parameters
In conventional dc glow discharge operation, the operating parameters are composed of the applied voltage, current and discharge gas pressure. However, in voltage modulation glow discharge operation, the modulation parameters (modulation voltage, modulation frequency, duty ratio, and offset voltage) must also be considered. Figure 2 shows a schematic diagram regarding the voltage modulation parameters. In Fig. 2 , the dc offset voltage (Voff), which means a part of the applied dc potential, is from the ground to a potential at a lower voltage period; the modulation voltage (Vm) is a superimposed alternating potential on the dc component, the modulation frequency (Fm) is defined as the number of waves per one second, and the duty ratio (D.R.) means the ratio of duration time of a higher voltage period to a lower voltage period in one cycle. In addition, the summation of the dc offset voltage and the modulation voltage is called the maximum voltage (Vmax). In this study, we used a square wave of a waveform with a 50% duty ratio, and measured the intensity variations while changing the other parameters.
Results and Discussion

Phase sensitive detection
For determining the characteristics of the modulated plasma, a specific detection method that can be tuned to the same phase of the bias voltage is required. A lock-in amplifier, which is known as a phase-sensitive detector (PSD), was employed to single out the component of the signal at a specific reference frequency and phase. Noise signals at frequencies other than the reference frequency are rejected and do not affect the measurement.
In our experiment, only the modulated component emitted from the plasma can be detected without any noises at the pulsed frequency. Also, the emission signal can be amplified by controlling the time constant and the sensitivity function. Therefore, the resulting increase in the signal-to-noise ratio can contribute to obtain more precise analytical values, and then to make the detection limit lower. Figure 3 shows a comparison of the phase-sensitive detection (time constant of 10 ms and sensitivity of 500 mV) and the conventional dc amplification detection (sampling rate of 100 Hz).
A Cu sample was discharged under a maximum voltage of 500Vmax (100Voff + 400Vm), a modulation frequency of 100 Hz, and a chamber pressure of 4 Torr Ar. The emission spectrum was measured in the wavelength range from 230.00 to 240.00 nm.
In Fig. 3 , the line intensities measured by the PSD method were increased to be about 10-times higher; further, the signalto-noise ratio is also much higher than that of the conventional amplification method.
Emission characteristics
The emission characteristics, depending on the discharge voltage in the conventional glow discharge process, are related to the energy distribution of electrons in the plasma. Highenergy electrons may enhance their excitations; however, electrons having too much energy may be detrimental, since the excitation cross sections generally drop rapidly beyond about 1 eV. 8 As a result, the emission intensity is increased up to a certain voltage; however, the intensity tends to be saturated when higher voltages are applied. Figure 4 shows the variations in the emission intensity with increasing maximum voltage when the modulation voltage varies from 100 V to 400 V at a modulation frequency of 100 Hz. Since the Cu resonance line of 324.7 nm or 327.4 nm may be cause a self-absorption, the atomic line of CuI 239.34 nm was selected. All of the emission intensities were elevated as the maximum voltage increased; however, the intensity 600 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 variations at 500Vmax (in the case of 100Vm, represented symbol, s) and 550Vmax (in the case of 200Vm, represented symbol, S) were saturated at larger maximum voltages.
Since the maximum voltage is the summation of the offset voltage and the modulation voltage, the increment in the maximum voltage results from increasing the offset voltage. As mentioned above, if the offset voltage is high (over of 300Voff), the number of electrons having large kinetic energy is increased, so that the emission intensity is no longer increased. It is considered that the emission intensities at modulation voltages of 100Vm and 200Vm increased non-linearly because of a lower efficiency in excitation through electron collisions. However, the emission intensity increased linearly as the maximum voltage increased at modulation voltages of 300Vm (represented symbol, f) and 400Vm (represented symbol, G), respectively. In these cases, it can be considered that a lower offset voltage may be favorable for their excitations because of the reasonable electron energy.
Although the emission intensities increased linearly at modulation voltages of 300Vm and 400Vm, the intensities changed non-linearly when the maximum voltage increased up to 700Vmax or higher. Therefore, we concluded that the modulation voltage was optimized at 400Vm, and also that the optimized offset voltage could be selected in the range of 300Voff. Figure 5 shows the intensity variation when the modulation frequency changes. In this case, the modulation voltage was varied from 100 V to 400 V at a modulation frequency of 100 Hz. The emission intensity was reduced along with the modulation frequency. As the modulation voltage increased, the line intensity decreased more rapidly. The emission intensity of the line at the point of modulation voltage of 400Vm (represented symbol, G) and modulation frequency of 1000 Hz was much lower than the line intensity at a modulation voltage of 100Vm and a modulation frequency of 1000 Hz. However, as shown in Table 2 , although the modulation frequency increased, the sputtering rate was similar at modulation frequencies of 100 and 1000 Hz. It is considered that the modulation frequency affects the emission intensity of these lines, but not the sputtering rate. We are now trying to clear up that reason. We consider that a time delaying of the pulsed discharge voltage is due to the charge and discharge effect in the principal of the glow discharge plasma. An equivalent circuit of the glow discharge plasma is composed of a resistor and a condenser. 8 To generate a pulsed plasma, the process of charging and discharging must be continued repetitively. However, the waveform of the pulsed bias voltage at high frequencies may be distorted, so that the effective discharge voltage will be lower than the voltage at low frequencies.
Comparison with voltage modulation and conventional dc discharge
The sputtering rate was compared between in the modulated discharge and in the conventional dc glow discharge. A Cu plate was sputtered for 40 min under some different conditions. In the case of the conventional dc sputtering, a dc voltage of 520 V was employed, which is the same as the maximum voltage in the voltage modulation method. The crater shape and sputtering rate were measured by using a commercial depth profile meter (ACCRETECH, Japan). All of the data were averaged for four replications. Figure 6 shows typical crater shapes at different modulation frequencies and with and without voltage modulation, which were measured with a depth profile meter. The X-axis represents the mm-ordered unit of the anode diameter, and the Y-axis means the µm-ordered unit of the sputtered depth, which has expanded 1000 times (Figs. 6(a) and (b) ) and 500 times (Fig. 6(c) ) for the X-axis, respectively. The results of the sputtered rate are summarized in Table 2 under these conditions. 601 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 As shown in Table 2 , when a modulation technique was used, the sputtering rate was estimated to be 7.5 and 7.9 nm/s at modulation frequencies of 100 and 1000 Hz (see Figs. 6(a) and (b)), respectively. When a constant dc voltage was applied, the sputtering rate was estimated to be 29.4 nm/s (see Fig. 6(c) ). The sputtering rate with the modulation technique was much lower than that in the conventional dc sputtering mode.
In this result, we can consider that the voltage modulation technique gives a much lower sputtering rate compared to the conventional dc glow discharge; in other words, this effect means that the voltage-modulation technique is more favorable for the depth profiling of thin films.
Conclusions
Voltage modulation glow discharge optical emission spectrometry (GD-OES) associated with phase-sensitive detection yielded a higher sensitivity and signal-to-noise ratio compared with the conventional dc glow discharge. Because the modulation voltage determines the sputtering rate of the sample, the increased modulation voltage results in larger sputtering rates and an increase in the emission intensity linearly. The optimized modulation voltage was 400 V. Since the offset voltage influenced the sputtering in a lower voltage period, the use of less than 300 V is recommended. The modulation frequency affected only the emission intensity. The sputtering rate obtained with the modulation technique was much lower than that with the conventional dc technique. Accordingly, the voltage modulation technique is useful for the depth profiling of thin films.
As shown in Fig. 6 , the crater bottom of the sputtered sample has a round shape that may degrade the depth resolution. A flat shape of the bottom is required to acquire good depth resolution. For this purpose, we will continue to study the optimization of other modulation parameters (duty ratio, chamber pressure, and discharge gas).
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